Small nucleolar RNAs (snoRNAs) are an abundant group of noncoding RNAs mainly involved in the posttranscriptional modifications of rRNAs in eukaryotes. Prior to this study, only 28 snoRNA genes had been identified from Caenorhabditis elegans, indicating that most snoRNA genes are hidden in the worm genome, which represents a simple multicellular metazoan. In this study, a genome-wide analysis of the two major families of snoRNA genes in C. elegans was performed using the snoscan and snoGPS programs incorporating comparative genome analyses. Seventy gene variants, including 36 box C/D and 34 box H/ACA snoRNA genes, were identified, of which 50 are novel. Two families of snoRNAs showed a characteristic genomic organization. Notably, 6 box C/D snoRNA genes were located in the antisense orientation of introns. In contrast to insect and mammal, the distances between many intronic snoRNAs and 3′ splice sites of introns were less than 50 nt in the worm, an unexpected finding as intron-encoded snoRNAs in C. elegans are supposed to be expressed in a splicing-dependent pathway. Interestingly, a canonical H/ACA snoRNA, ΨCeU5-48, was revealed to be partially homologous to small Cajal body-specific RNA (scaRNA) U85 and U89 in fly and human, indicating a possible evolutionary relationship between snoRNAs and scaRNAs.
Introduction
The small nucleolar RNAs (snoRNAs) define one of the largest families of small noncoding RNAs (ncRNAs) known in eukaryotes. With the exception of RNase MRP, all the snoRNAs fall into two major families, box C/D and box H/ ACA snoRNAs, on the basis of common sequence motifs and structural features. A large number of snoRNAs characterized to date are box C/D snoRNAs that share two conserved motifs, the 5′-end box C and the 3′-end box D, whereas the box H/ACA snoRNAs exhibit a common hairpin-hingehairpin-tail secondary structure with the box H and ACA [1] . Several snoRNAs, such as U3, snR30, and RNase MRP, are required for specific cleavage of pre-rRNAs. However, the majority of box C/D snoRNAs function as guides for sitespecific 2′-O-ribose methylation with most box H/ACA snoRNAs functioning as guides for pseudouridylation in the posttranscriptional processing of rRNAs [2] . Studies have shown that some snoRNAs and scaRNAs participate in the modifications of snRNAs [3, 4] . Some modifications in Archaea tRNAs are introduced by box C/D small RNAs, which are the homologues of snoRNAs in eukaryotes [5] . Moreover, an increasing number of orphan snoRNAs with unknown function have been identified from different eukaryotes, suggesting that they play additional roles in cellular processes.
There has been a significant increase in research on snoRNAs in the past five years. Hundreds of snoRNAs have been identified from different eukaryotes using the approach of experimental RNomics [6] . Recently, improved techniques have been developed to increase the specificity of snoRNA gene identification from a cDNA library [7, 8] . However, such experimental approaches tend to favor the discovery of the most abundant RNAs so that species with low abundance may not be detected. For this reason, computational approaches based on pattern recognition scan algorithms have been developed, such as Snoscan for box C/D snoRNA [9] , SnoGPS [10] , and the MFE method [11] for box H/ACA snoRNA. Using the computer scanning programs, several studies have provided an unbiased genome-wide search for snoRNA genes in a genome of given sequence [9, 10, 12] . However, along with experimentally confirmed snoRNA genes, these results also included hundreds of false-positive candidates that need to be excluded from the search.
Recently, genome-wide analyses of snoRNAs have been carried out in several model organisms whose genome sequences were available. With the large amount of data available, different snoRNA gene organizations and expression patterns have been revealed [13] [14] [15] . Prior to this study, there has been limited research on snoRNAs in Caenorhabditis elegans, with the identification of only 20 types of C/D and 8 types of H/ACA snoRNAs [16] [17] [18] [19] . Hence further studies are required on the snoRNA genes and rRNA posttranscriptional modification processes in this model organism, which represents a simple multicellular metazoan. In this study, a genomewide computational analysis of two classes of snoRNA genes in C. elegans is presented for the first time. To avoid a large amount of false-positive candidates, we used the snoscan and snoGPS programs in conjunction with conserved noncoding sequence analysis to scan the genome of C. elegans for snoRNA genes. Incorporating our experimental results, this study identified a total of 50 novel snoRNA genes and delineated a characteristic pattern of snoRNA expression and evolution in a nematode.
Results
Computational identification of 50 novel snoRNA genes from C. elegans by snoscan and snoGPS in conjunction with conservation filters
To test the applicability of the snoscan [9] and snoGPS [10] programs for identifying C. elegans snoRNAs, we applied the search programs to the 28 known snoRNA sequences. Only two snoRNAs, rpl-7a and rpl-7aps, failed to pass the test due to their atypical H/ACA snoRNA structure. These results therefore support the applicability of the programs to detect snoRNA genes within the C. elegans genome.
In the computational search of the conserved noncoding genome sequences between C. elegans and C. briggsae, more than 30,000 snoRNA candidate hits were found. We then applied the CD_filter.pl and ACA_filter.pl programs, which focus on the conservation of box elements (box C, D or box H, ACA) and functional elements (antisense sequences to rRNAs or snRNAs) in alignments between C. elegans and C. briggsae, to identify perfectly conserved candidates. In detail, the parameters used in the study were as follows: (1) conserved "ANANNN" sequence present in box H alignments; (2) conserved "A[CTA]A" sequence present in box ACA align-ments; (3) more than four of the seven nucleotides in box C being conserved; (4) all four nucleotides in box D being conserved; (5) each separately conserved antisense prediction of H/ACA snoRNA being not less than 3 nt and not less than 8 nt in total; and (6) the conserved antisense prediction of C/D snoRNA being not less than 8 nt. As a result, less than 3000 hits including approximately 300 C/D and 2600 H/ACA hits were extracted. An improved mfold program, which was integrated with a preliminary coarse mountain plots filter [11] , was applied to further select approximately 400 of the 2600 H/ACA hits according to the typical hairpin-hinge-hairpin-tail secondary structure. These 300 C/D and 400 H/ACA hits were then scanned for snoRNA genes for the final candidates. In this step, we examined whether the predicted functional antisenses were symmetrically present in the pocket of the hairpin of H/ACA candidates and whether the functional antisenses were viable (forming at least eight continuous base parings with target RNA without a bulge) in the C/D candidates. In total, 70 snoRNA genes, including 36 C/D and 34 H/ACA genes, were identified from both C. elegans and C. briggsae (Tables 1 and 2 and Supplementary Table S1 ). In addition to the 20 known snoRNA genes reported previously [17, 18] , 50 novel nematode snoRNA genes were identified in this study. Eight known snoRNA genes were missed in this search due to their location in the opposite strand of exons, nonconservation in the genome alignment or atypical snoRNA structure (see Discussion).
The sequences of the major snoRNA genes were highly conserved between the two nematodes and the functional antisenses were nearly identical (Tables 1 and 2 ). The variations in conserved box H/ACA snoRNA were primarily located in the loop and stem region of the hairpin. Notably, the majority of the variation in the stem region appeared to be covariation, which guarantees the stable hairpin-hinge-hairpin-tail secondary structure.
According to the base-pairing interactions between the identified snoRNAs and target RNAs (Supplemetary Figs. S1 and S2), the snoRNAs identified in this study were predicted to guide 73 methylations and pseudouridylations on rRNAs and snRNAs (34 2′-O-methylations and 39 pseudouridylations). Most of these RNA modifications are phylogenetically conserved in yeast, plants, and/or metazoa (Tables 1 and 2 ). All the box C/D snoRNAs from C. elegans in this study possess only one antisense sequence, which is predicted to target a single methylation site in substrate RNA. In contrast, one-third of the box H/ACA snoRNAs exhibit two functional elements. Interestingly, some hairpins show the potential of directing two nonadjacent pseudouridylations by a single guide sequence, which was recently reported in Saccharomyces cerevisiae [10] (Fig 1) .
Experimental evaluation of the computational results
Experimental confirmation of those computationally identified snoRNA genes that were not cloned from the cDNA libraries (see below) was performed by Northern blotting analysis. All the snoRNAs were positively detected by Northern blotting with the labeled probes ( Fig. 2) . In most cases, unique and obvious bands were revealed under stringent conditions of hybridization and the sizes of these snoRNAs were consistent with their predicted sizes. In particular, two strong bands were revealed in the Northern blotting analysis of MeCeU6-C55, which possesses a long terminal stem. The two bands probably represent different sizes of the mature snoRNA. Similar observations have been reported in other species [6, 25] . On the other hand, the different intensities of the Northern blotting bands, which were obtained under the same hybridization conditions, indicated a broad range in the expression levels of different snoRNAs in vivo. In general, some low-abundance snoRNAs such as ΨCeSSU-499 and MeCeU2-U49 are difficult to detect in a cDNA library. These snoRNAs were not identified in our cDNA library and another recently reported cDNA library [20] , although over 100 snoRNAs were identified from the two cDNA libraries (see below). However, they can still be identified by our computational scan. The experimental analyses of Northern blotting and cDNA cloning (see below) demonstrated that the 70 snoRNA genes, identified by computational analysis in this study, were authentic genes.
Under the stringent filtering processes, many snoRNA genes might have been missed in the computational scan. To evaluate the coverage percentage of our computational results in the complete set of snoRNA genes in C. elegans, two cDNA libraries were constructed and screened for snoRNAs from two families More than 100 clones were randomly selected and sequenced from each cDNA library. Along with cDNAs of rRNAs, tRNAs and snRNAs, 62 clones representing 33 snoRNAs were found in the two cDNA libraries ( Table 3) . Although some box C, D elements were atypical, these C/D snoRNAs were also recognized by perfect flanking inverted sequences. As a result, only 14 snoRNAs were covered by the 
Note. All the identified snoRNA genes were named after their functions. The genes marked with asterisks, circles, and triangles indicate that the genes are experimentally detected in the cDNA libraries, by Northern blotting analysis, and identified recently by Deng et al. [20] , respectively. "Len": length of the snoRNA gene; "Seq": sequence conservation of snoRNA genes in C. elegans and C. briggsae. Column "Antisense element" gives the functional antisenses and their conservation between the two nematodes. In the column "Location," the protein-coding host genes are denoted by their names. "IR" represents intergenic region. "Intron antisense" represents the opposite strand of the intron.
computational results. Most of the snoRNAs missing in the computational analysis, which were found in the cDNA libraries, were not conserved in the genome-wide alignment of the two nematode genomes. In addition, a few snoRNAs were also missed due to their mutative elements, antisenses between two nematodes, or atypical box elements and structures. Furthermore, 3 additional novel snoRNAs, which did not overlap with our computational results or the recently reported results (20), were identified (Table 3 ). In summary, using both bioinformatics and cloning techniques, we have Note. All the identified snoRNA genes were named after their functions. The genes marked with asterisks, circles, and triangles indicate that the genes are experimentally detected in the cDNA libraries, by Northern blotting analysis and identified recently by Deng et al. [20] . "Len": length of the snoRNA gene; "Seq": sequence conservation of snoRNA genes in C. elegans and C. briggsae. Column "Antisense element" gives the functional antisenses and their conservation between the two nematodes. In the column "Location", the protein-coding host genes are denoted by their names. "IR" represents intergenic region.
found 17 novel snoRNA genes in C. elegans, including 14 novel species and 3 novel isoforms, which differ from the 28 initial snoRNA genes and escaped detection in a recent study [20] . During the course of this work, another study reported the large-scale detection of small noncoding RNAs from C. elegans [20] . Numerous snoRNAs were identified through a cDNA library without any functional analysis. In total, 53 (76%) fulllength or partial cDNA sequences matched the computationally identified snoRNAs presented in this study (Tables 1 and 2) . The two individual studies, which employ different strategies, demonstrate the importance of both the bioinformatics approach and cDNA cloning in the large-scale identification of snoRNAs.
From the cDNA libraries constructed by two laboratories [20] (the laboratory of Deng and our own; Fig 3) , we concluded that approximately one-half [42% (14/33) from our laboratory; 53% (53/100) from Deng´s laboratory] of the snoRNA genes in C. elegans were identified in our computational scan. According to this evaluation, the 2′-O-methylation and pseudouridylation guide RNA machinery in nematode comprises an approximate total of 150 snoRNA genes. On the other hand, although over 100 snoRNA genes were found in C. elegans through the traditional cloning technique, the bioinformatics programs still successfully identified 13 snoRNA genes that were missed in those cDNA libraries.
Particular positioning of intronic snoRNA genes within the host introns in C. elegans
With only one exception, all box H/ACA snoRNAs were intron-encoded in C. elegans. In contrast, the genomic organization of the C/D snoRNAs fell into two different categories, either intron-encoded or transcribed independently from intergenic regions. Notably, six guided snoRNA genes were located in the antisense orientation of introns. This has been seldom reported in other organisms. It is worth noting that cotranscription is an important way of regulation required for ribosome and spliceosome assembly. In this study, half of the H/ ACA genes predicted to guide pseudouridylations of rRNA (12/ 25) in C. elegans were located in the introns of host genes of ribosomal proteins and proteins associated with snoRNP. Additionally, three of six genes predicted to guide pseudouridylations of snRNA localized in the introns of host genes of snRNA-associated proteins (prp-4 and prp-8). However, most of the C/D snoRNA host genes were characteristic of catalytic proteins, with none encoding ribosomal protein. The correlation between the C/D snoRNA genes and their host genes for ribosome assembly was not evident. We further scanned all the introns of ribosomal protein in C. elegans [21] for both box C/D and H/ACA snoRNA genes. Consistent with our point, approximately one-half of the large introns (>160 nt), which are considered large enough to accommodate an H/ACA snoRNA gene, appeared to have H/ACA snoRNA genes (with some nonperfectly conserved candidates; data not shown). As expected, no convincing C/D candidates were found in this analysis.
The distance from the intronic snoRNAs to the 3′ splice sites, which averages between 60 and 80 nt in mammals [22] and insects [14] , has been proven to be important for the effective processing of the snoRNAs from their host mRNA precursor. Unexpectedly, more than half of the distances (27/51) from the intronic snoRNAs to the 3′ splice sites were less than 50 nt in C. elegans (Fig. 4) . The distribution of the distances appeared to peak at 41-50 nt in C. elegans, whereas the distances from the snoRNAs to the 5′ splice sites were similar to those in insects and mammals, with a peak at 31-40 nt.
Structural and functional evolution of box H/ACA snoRNAs
Comparative functional analyses have revealed that many rRNA guide snoRNAs are evolutionarily conserved in distant eukaryotes, such as Saccharomyces cerevisiae, C. elegans, Drosophila melanogaster, and Homo sapiens. In box H/ACA snoRNAs, for example, most of the functional sequences that are complementary to rRNAs are located in the corresponding hairpins of the counterparts in different organisms (Supplementary Fig. S3A ). Our study also demonstrates the extensive separation and recombination of functional hairpins occurring during the evolution of H/ACA snoRNAs. The C. elegans ΨCeLSU-2966 possesses two broad-conserved guiding functions. Its counterpart in human is ACA21, which possesses two homologous functions in corresponding hairpins. In contrast, two snoRNAs, Ψ28S-3316 and Ψ28S-3385, possess the two functions in D. melanogaster, respectively (Supplementary Fig  S3A) . This suggests that snoRNA ΨCeLSU-2966 evolves in two pathways, with one evolving as a dual functional snoRNA and the other separating the guiding functions and evolving as two independent snoRNAs with a single functional element. Another example is that ΨCeSSU-970 and ΨCeLSU-3220 possess a conserved guiding function for LSU-2847 and LSU-2828, respectively. In contrast, the H. sapiens ACA2 takes the two guiding functions for these two close nucleotide modifications ( Supplementary Fig S3B) .
A canonical box H/ACA snoRNA, ΨCeU5-48, was positively detected and predicted to guide pseudouridylations of U5-48. Interestingly, its homologues in Drosophila and humans were identified as scaRNA U85 and U89 (3), which contain both box C/D and H/ACA domains. All the functional antisenses of the homologues in the four organisms, H. sapiens, D. melanogaster, C. elegans, and C. briggsae, are present in the 5′ hairpin of the sno/scaRNA. A sequence alignment of the functional hairpin shows that only the antisenses are conserved (Fig. 5 ). This indicates that a canonical box H/ACA snoRNA, ΨCeU5-48-like snoRNA, may be the progenitor of U85 and U89 in the fly and human, indicating a possible evolutionary mechanism from the snoRNA to the scaRNAs. We suggest that the formation of U85 and U89 scaRNAs in the fly and human is probably achieved by a cDNA insertion from reverse Table 3 Experimental detection of snoRNAs from cDNA libraries in C. elegans Clone No.
Gene Sequence
ΨCeSSU-1266b taacctctcttataagccgggggactagcattttgttaagttcactagtaaaatgagaggtaaagcatagagacaaccagacaccgagaatgttttgatgttttcggtcactttgtgtgtcccacaaat ACA1-3-16
ΨCeSSU-1523a cagcatcgaaaatggacggactttcccgatggatcgtttcgtataattttggtgcaaaatagtagagagacgcagtgttactcttccttacgttacctgtatctggagagtgtcaagcgtttcccacattt ACA1-3-28
ΨCeLSU transcription of a canonical H/ACA snoRNA into the middle region of C/D snoRNA genes.
Discussion
In the field of snoRNA research, computational scanning and cDNA cloning are the two main strategies of mining data, both of which have been successfully applied for snoRNA research in the human [23, 24] , fruitfly [11, 25, 26] , and yeast [9, 10, 27] . In the previous study by Deng et al. (20) , cDNA cloning of specific sized fragments was highlighted as a powerful and large-scale technique to identify nematode snoRNAs. However, a genome-wide analysis of nematode snoRNA genes using a bioinformatics approach can contribute a more comprehensive analysis. In this study, we present a genome-wide search of snoRNAs with the snoscan and snoGPS programs in a nematode. More importantly, an additional 13 snoRNAs, which were not identified in this and another cDNA library [20] , were computationally detected, including some lowabundance snoRNAs. With our stringent criteria, only 70 candidates were selected. Our computational search also provided a set of potential candidates under less stringent criteria (data not shown), which is useful to the field of nematode snoRNA research. When comparing the computational identifications and experimental results of cDNA libraries, species-specific parameters can be found and applied in the computational programs for better annotation of snoRNA genes in the nematode genomes.
Under selection pressure, functional RNAs, both proteincoding RNAs (ORF) and noncoding RNAs, exhibit highly conserved sequences between related species. Genomic sequence comparisons by virtue of their evolutionary conservation have been extensively used in systematic discovery of functional genomic elements [28] . Recent studies have demonstrated that genomic sequence comparisons have been extremely successful in identifying RNA genes with characteristic structures that perform general biological functions and hence were evolutionarily conserved between related species, such as miRNA [29] and even structural noncoding RNAs [30] . In our study, we have similarly incorporated this strategy into the computational genome-wide search for the repertoire of snoRNAs, a large family of noncoding RNAs, and have likewise successfully detected a large amount of these RNA genes in C. elegans. These RNA genes even include some lowabundance snoRNAs, which are difficult to detect within a cDNA library. The filter programs accurately and reliably enabled the snoscan and snoGPS programs to distinguish the authentic snoRNAs from the numerous false-positive candidates (70 snoRNA genes from approximately 30,000 hits) when stringent conservation criteria, sequences, box elements, and functional antisenses, were all considered simultaneously.
Our results covered most of the known C. elegans snoRNAs and 50 novel conserved snoRNA genes. However, 8 known C. elegans snoRNAs were missed in our search due to a stringent Fig. 3 . Venn diagram of the relationship of different snoRNA gene collections involved in this study. "A" represents the computationally identified snoRNA genes using the bioinformatics approach in this study; "B" represents the snoRNAs identified with cDNA cloning in this study. "C" represents the snoRNA genes identified from Deng's cDNA library [20] . The number of each part of the snoRNA genes is shown. Fig. 4 . Comparison of length distributions of space sequences for snoRNA genes/gene clusters in metazoa. The horizontal coordinates of the graphs show the space lengths (nt) from the splice sites to the snoRNA coding regions. The vertical coordinates show the amount of given lengths of spaces. The gray and black bars represent space lengths from the 5′ and 3′ splice sites (ss), respectively, to the snoRNA coding regions. The number in parentheses (if present) indicates the total spaces involved in the investigation. Distribution in D. melanogaster and H. sapiens were cited from our previous report [14] and Hirose and Steitz's report [22] , respectively. selection procedure. For example, six sequences of snoRNA genes, sn2524, sn2991, sn3087, mgU6-47, CeR-6, and CeR-8, were excluded from our sequence source due to either their location in the opposite strand of exons or nonconservation in the genome alignment. Two snoRNAs, rpl-7a and rpl-7aps [19] , not exhibiting typical box H/ACA structure, also failed to be detected in our search. In addition, many snoRNAs with nonconserved sequences or varied motifs might also have been missed in this study under the strict analyzing program. It is indicated that the computational results showed only part of the conserved nematode snoRNAs. It is worth noting that, similar to a recent study [20] , some C/D snoRNAs with atypical box C, D were identified from C. elegans cDNA libraries. These snoRNA genes would also be missed in our computational search. In fact, only 14 of the 33 experimentally detected snoRNAs from cDNA libraries were covered in the computational results.
The genomic organization of snoRNA genes is very diverse in different eukaryotes [31] . Most snoRNAs in yeast are encoded by independent singletons and five clusters [9] . SnoRNA gene clusters transcribed from independent promoters have also been shown in plants [32, 33] , algae [34] , and protozoa [15] . In contrast, the majority of snoRNAs in metazoa are intron-encoded. In mammals, almost all the guided snoRNA are nested within the introns of the host genes, with two exceptions reported recently [35] . Our previous study of the Drosophila genome showed only 6 of 212 snoRNA genes to be located in the intergenic regions and probably transcribed independently [14] . C. elegans, a 959-celled worm, is a model organism that represents the simple multicellular metazoan. Our study addresses the apparent gap of genome-wide studies on snoRNAs between protozoa and higher metazoa. In this study, a high percentage (50%) of the C. elegans box C/D snoRNAs are transcribed independently, showing a different expression strategy from box H/ACA snoRNA genes in the same organism. These data indicate an interesting tendency of an increasing number of snoRNA genes that have "jumped" into the introns of protein-coding or non-protein-coding genes and preserved their location during evolution. Unexpectedly, we did not find any UHG (U snoRNA host gene)-like host genes in C. elegans, whereas a number of UHG and dUHG (Drosophila U snoRNA host gene) genes with a powerful capability for coding box C/D snoRNAs in their introns have been found in mammals and the fruit fly genomes, respectively [14, 36] . This suggests that a different strategy may have developed to utilize noncoding host genes, such as UHGs and dUHGs, to regulate snoRNA expression in higher metazoa.
The snoRNA gene position within the host intron is crucial for assembly of splicing-dependent snoRNP [37] . Studies have revealed that the distance from the intronic snoRNA to the 3′ splice site, especially the distance to the branch point, of the spliceosomal intron is important for the effective processing of the snoRNAs from their host mRNA precursor. Most mammalian intronic snoRNAs are located 71-80 nt upstream of the 3′ splice sites [22] with a similar length of 61-80 nt in Drosophila [14] with no exception of less than 50 nt. However, in C. elegans, half of the intron-encoded snoRNAs are located less than 50 nt from the 3′ splice sites. This appears not to agree with the model of a splicing-dependent pathway for snoRNA processing in C. elegans. However, the critical nucleotide distance from the snoRNA to the branch point of the spliceosomal intron for intronic snoRNA synthesis in most metazoa is supposed to accommodate the binding of the splicing factor U2AF 65 to the polypyrimidine tract of the intron [38] . Interestingly, without an obvious polypyrimidine tract or convincing branch site consensus in the C. elegans introns [39] , U2AF 65 may bind directly to the 3′ splice site consensus sequence [40] . Therefore, the essential distances from intronic snoRNAs to 3′ splice sites (AG) evidently appear shorter than those in other metazoa, which suggests that most of the intronencoded snoRNAs are expressed in the splicing-dependent pathway in C. elegans, despite their short distances to 3′ splice sites.
In conclusion, our study presents a combined computational and experimental search of snoRNA genes in nematodes. The major advance of the scanning is applying the snoscan and snoGPS programs in conjunction with the filter programs CD_filter.pl and ACA_filter.pl to identify a large number (up to 70) of snoRNA genes without one false-positive candidate. Also, in contrast to other metazoa, we demonstrate a complex genome organization and location of snoRNA genes in nematodes that reveals their expression and evolution patterns.
Materials and methods

Extraction of conserved nongenic Caenorhabditis sequences
Genome-wide alignment of C. elegans (WormBase, version WS100) and C. briggsae (WormBase, version cb25.agp8) was carried out using the LAGAN alignment algorithm [41] and visualized with the VISTA program [42] . We obtained the sequences with the Seq_obtain.pl program and approximately 36,000 candidate conserved nongenic sequences were obtained.
Search for box H/ACA snoRNAs
The snoGPS program [10] was used to screen out potential box H/ACA snoRNAs hidden in the conserved nongenic sequences with the parameters "gapmin" and "gapmax" setting to 15 and 40, respectively. Only C. elegans candidate sequences, which contained more than 90 nt of conserved sequence, were used to scan box H/ACA snoRNAs. Since the Caenorhabditis rRNA/snRNA pseudouridine sites had not been experimentally determined, the putative pseudouridine sites were mapped according to the conserved pseudouridine sites in S. cerevisiae (yeast snoRNA database), H. sapiens (snoRNA-LBME-db), and D. melanogaster [14] . The candidate snoRNAs with a final program score higher than 15.00 were tested with the ACA_filter.pl program for conservation between two nematodes. An improved mfold program, which was integrated with a preliminary coarse mountain plots filter [11] , with default program parameters was then applied to test the secondary structure of the selected perfectly conserved candidates. The mountain plots of candidate snoRNAs were accepted only if they satisfied the following criteria: (1) both of the widths of two mountains exceeded 40 bases; (2) width difference between the two mountains was at most 20 bases; (3) the maximum length of the hinge was 20 bases; and (4) the length of left zero region was at most 5 bases.
Program running with all Caenorhabditis rRNAs/snRNAs U residues was also performed to search for probable Caenorhabditis-specific box H/ACA snoRNAs with a final cutoff score of 29.00, which was defined from the final score statistic of the results from the above procedures. All the candidates were processed with the above procedures.
Search for box C/D snoRNAs
Snoscan [9] , a greedy search algorithm, was performed with default parameters to identify putative box C/D snoRNAs. Candidate sequences with box C/D, rRNA/snRNA complementary region, box D′ when the complementary region was not directly adjacent to box D, and terminal stem were picked out from the 36,000 C. elegans conserved nongenic sequences and scored. Methylated sites prepared for the program included 38 experimentally confirmed methylated nucleotides in 26S rRNA [17] and conserved methylated nucleotides of S. cerevisiae (yeast snoRNA database), H. sapiens (snoRNA-LBME-db), and D. melanogaster [14] . The final cutoff score was set to a low value of 10.00 to obtain all potential box C/D snoRNAs. All the obtained candidates were tested with the CD_filter.pl program for conservation between two nematodes.
Description of programs
Program Seq_obtain.pl, ACA_filter.pl and CD_filter.pl were written with PERL. The source codes of the programs are available in Supplementary Materials.
(1) Seq_obtain.pl
In detail, we calculated conserved regions using a 60-bp window and a conservation cutoff score of 69% identity. Conserved nongenic (intronic and intergenic) sequences were extended by 50 nt both upstream and downstream to ensure that conserved snoRNA candidates could be completely identified.
(2) SnoRNAs conservation filter programs: CD_filter.pl and ACA_filter.pl
To eliminate false-positives from the candidate snoRNAs, we applied the CD_filter.pl and ACA_filter.pl programs for picking out the perfectly conserved candidates during the processing of box C/D and box H/ACA candidates. Candidate snoRNAs found in the C. elegans genome were examined for corresponding C. briggsae conserved structural boxes and, in most cases, rRNA/snRNA complementary sequences in the initial nongenic conserved sequence alignments. Only candidates satisfying these conservation rules were considered reliable and accepted as snoRNA candidates.
Northern blotting analyses and construction and screening of cDNA libraries
Fresh C. elegans stain N2 was cultured and mixed-stage worms were collected for RNA extraction. Total cellular RNA was isolated and purified according to the method of guanidine thiocyanate-phenol-chloroform [43] .
An aliquot of 40 μg total RNA was analyzed by electrophoresis on 8% acrylamide/7 M urea gels. Electrotransfer onto nylon membrane (Hybond-N + ; Amersham) was followed by UV irradiation for 5 min. Hybridization with 5′labeled probes was performed as previously described [39] .
An aliquot of 50 μg total cellular RNA was polydenylated using poly(A) polymerase (Takara). Synthesis of the first strand of cDNA was performed with 25 μg of poly(A) + -tailed RNA in a 20-μl reaction mix containing 200 U of MMLV reverse transcriptase (Promega) and 0.5 μg of primer oligo(dT) (23-mer) for 45 min at 42°C. The reaction mixture was separated on a denaturing 8% polyacrylamide gel (8 M urea, 1× TBE buffer). cDNAs with sizes ranging from 60 to 120 nt for the box C/D cDNA library and ranging from 120 to 180 nt for the box H/ACA cDNA library were excised and eluted from the gel. cDNAs were tailed with poly(dG) at the 3′-end by using terminal deoxynucleotidyl transferase (Takara), amplified by PCR with primers HindIII(T) 16 and BamHI(C) 16 , and cloned into plasmid pTZ18 as described previously [44] . Two cDNA libraries were screened by PCR with the P47 and P48 universal primer pair. Only the recombinant plasmids carrying fragments of the expected size were selected for sequencing, which was performed with an automatic DNA sequencer (Applied Biosystems, 377) using the Big Dye Deoxy Terminator cycle-sequencing kit (Applied Biosystems).
Oligodeoxynucleotides
Oligonucleotides were synthesized and purified by Sangon Co. (Shanghai, China). The sequences of oligonucleotide probes used for Northern blotting and oligonucleotide primers used for cDNA libraries construction and screening are shown in Supplementary Table S2 . The probes used in Northern blotting were 5′-end-labeled with [γ-32 P]ATP (Yahui Co.) and submitted to purification according to standard laboratory protocols as previously described [45] .
Database accession codes
All snoRNA gene sequences identified in this study have been deposited with the EMBL database. Accession numbers are shown in Supplementary Table S1 .
